1 Here we report multiple lines of evidence for a comprehensive model for retinal 2 energy metabolism. Metabolic flux, locations of key enzymes and our finding that 3 glucose enters the neural retina almost entirely through photoreceptors support a 4 conceptually new model for retinal metabolism. In this model, glucose from the 5 choroidal blood supply passes through the retinal pigment epithelium to the retina 6 where photoreceptors convert it to lactate. Photoreceptors then export the lactate 7 as fuel for the retinal pigment epithelium and for neighboring Müller glial cells. A 8 key feature of this model is that aerobic glycolysis in photoreceptors produces 9 lactate to suppress glycolysis in the neighboring retinal pigment epithelium. That 10 enhances the flow of glucose to the retina by minimizing consumption of glucose 11 within the retinal pigment epithelium. This framework for metabolic relationships 12 in retina provides new insights into the underlying causes of retinal disease, age-13 related vision loss and metabolism-based therapies. 14 15
INTRODUCTION 16
Mutations in any of more than140 genes can cause photoreceptors in a 17 vertebrate retina to degenerate (1). The relationship between photoreceptor 18 degeneration and the diversity of biochemical functions and expression patterns 19 of those genes is enigmatic. The diversity suggests that the consequences of 20 loss or gain of function of these genes may converge onto a few essential 21 metabolic processes (2, 3). Much has been gained by studying specific functions 22
of the genes. Based on those studies therapeutic strategies for specific genetic 23
deficiencies are being developed (4). Nevertheless, a more general approach to 24 understanding what photoreceptors need to survive could lead to more broadly 25 applicable therapeutic strategies. With that in mind, we have been investigating 26 the fundamental nature of energy metabolism in the retina and the retinal 27 pigment epithelium (RPE) (5-11). 28
Glucose that fuels the outer retina comes from the choroidal blood. Before it can 29 reach the retina, however, the glucose first must traverse the RPE. The RPE is a 30 monolayer of polarized cells between the choroid and retina that functions as a 31
blood-retina barrier. The cells in the RPE are bound together by tight junctions 32
and they express specific transporter proteins on their basolateral and apical 33 surfaces (12). Glucose from the choroid passes through transporters on the 34 basolateral surface, and then wends its way through the cytoplasm of the RPE 35
cell. If metabolic enzymes within the RPE cell do not consume it, glucose moves 36 down a concentration gradient toward the opposite side of the RPE cell where it 37 exits to the retina through transporters on the apical surface of the RPE. 38
When the glucose reaches the retina most of it is consumed by glycolysis and 39 converted to lactate. Retinas and tumors were the two tissues first identified in 40 the 1920's by Warburg (13) as relying mostly on "aerobic glycolysis". This type of 41 metabolism can release massive amounts of lactate from a cell even when O 2 is 42
available. Evidence indicates that photoreceptors in the outer retina are the site 43 of aerobic glycolysis (8, [13] [14] [15] [16] [17] . The importance of aerobic glycolysis for survival 44 and function of photoreceptors has not been established, but it is thought to 45 enhance anabolic activity within the photoreceptor (3, (18) (19) (20) . 46
In RPE cells energy metabolism is strikingly different than in the retina. In 47 particular, RPE cells are specialized for a type of energy metabolism called 48 reductive carboxylation (9) that aids in redox homeostasis. In general, RPE cells 49 rely more on their mitochondria. 50
Recent reports described genetic manipulations that explored the effects of 51 qualitatively altering energy metabolism either in photoreceptors or in RPE cells 52 in vivo. Glycolysis in rods was enhanced in one study by blocking expression of 53 SIRT6 (3). Another study enhanced glycolysis in rods by activating mTORC1 (21). 54
Those studies showed that making photoreceptors more glycolytic makes them 55 more robust. Both strategies slowed degeneration of rods caused by mutations 56 associated with retinitis pigmentosa (3, 21). However, making RPE cells more 57
glycolytic in vivo has the opposite effect; it causes neighboring photoreceptors to 58 degenerate. When glycolysis in the RPE was enhanced by knocking out VHL 59 (22) or by knocking out an essential mitochondrial transcription factor in RPE 60 cells in vivo (23) the neighboring photoreceptors died. 61
The findings of those in vivo studies appear puzzling and seemingly contradictory 62 when considered only from a cell autonomous perspective. Why does enhancing 63 glycolysis help some cells and endanger others? Here we propose that those 64 findings make more sense when interpreted in the context of metabolic 65 relationships between the retina and the RPE. We describe evidence that the 66 retina and RPE function as a metabolic ecosystem. We show that photoreceptors 67
are the main point of entry for glucose into the retina. The photoreceptors convert 68 glucose to lactate, which then serves as a fuel for other cells in the retina. We 69
show here that lactate also can enhance the ability of RPE cells to pass glucose 70
from the blood to the retina. The model that we propose based on these findings 71
predicts that each cell in the retina and RPE contributes an essential metabolic 72
function that promotes survival of the complete retina-RPE ecosystem. 73
74

RESULTS
75
Photoreceptors express a glucose transporter. Uptake of glucose into cells 76 requires a protein that can transport glucose. We used immunoblotting of mouse 77
tissues to evaluate expression of glucose transporters ( Fig. 1A) and confirmed 78 previous findings that GLUT1 is the primary glucose transporter isoform in retina 79
(24) and RPE (25). The protein immunoreactive with the GLUT1 antibody was 80 confirmed to be membrane associated ( Fig. 1B) . GLUT3 was detected only in 81
brain. GLUT4 was detected in heart and muscle as expected, but not in the retina. 82
Immunohistochemistry shows that GLUT1 immunoreactivity overlaps with 83 cytochrome oxidase subunit 1 (MT-CO1) ( Fig. 1C) , which identifies rod inner 84 segments by the unique elongated shape of their mitochondria (Fig 1E) . These 85 mitochondria extend beyond the ends of the Müller glial cell (MGC) apical 86 processes (Fig 1E) . There are no mitochondria within these fine MGC apical 87 processes. Instead, small spherical-shaped mitochondria line up within the 88
MGCs along the outer limiting membrane just beneath the apical processes (Fig. 89 1F and arrowheads in Fig. 1C ). MGCs extend from the outer limiting membrane 90 to the ganglion cell side of the retina. Most of the GLUT1 immunoreactivity in 91
MGCs is in the inner retina ( Fig. 1D ). GLUT1 immunoreactivity also overlaps with 92 a marker specific for rod photoreceptors, rod arrestin ( Fig. 1G) and it overlaps 93 with GFP expressed from the rod-specific Nrl promoter ( Fig. 1H) . Taken 94 altogether, the distribution of GLUT1 immunoreactivity supports the idea that 95 photoreceptors can take up glucose released from the apical side of the RPE. 96
Dietary glucose enters the retina primarily through photoreceptors. Next we 97
asked which cells in the retina take up glucose in the context of an eye within a 98 living animal. We used oral gavage to introduce a fluorescent derivative of 2-99 deoxy glucose (2-NBDG) (26) into stomachs of mice. We harvested the retinas 100 20 or 60 minutes after gavage, mounted them on filter paper and cut slices for 101
imaging by confocal microscopy (27). Fig. 2A shows that 2-NBDG fluorescence 102
is strongest in the photoreceptor layer, suggesting that photoreceptors are the 103 first cells in the retina to take up glucose from the blood. Surprisingly, 2-NBDG 104 fluorescence is stronger in the outer retina than in the inner retina even though 105 mouse inner retinas are vascularized. We noted that 2-NBDG fluorescence does 106 not overlap with Müller Glial Cells (MGC's), which were labeled in these 107 experiments by transgenic expression of tdTomato (28), though in rare instances 108
there was overlap at a MGC end foot.. These results are summarized and 109 quantified in Fig. 2C . They show that glucose that reaches the outer retina is 110 taken up primarily by photoreceptors and not MGC's. 111
The images in Fig. 2A were made from live, unfixed mouse retinas. Most 112 photoreceptors in mouse retinas are rods. It is difficult in these images to resolve 113 whether cones also import 2-NBDG. To address this we also introduced 2-NBDG 114 by oral gavage into adult zebrafish, whose retinas are more enriched with cones 115 (29). Fig. 2B shows that cones become intensely fluorescent 30 minutes after 116 gavage. As in mouse retinas, there was no indication of glucose uptake into 117
MGCs, which in these retinas were marked with tdTomato expressed from a 118 GFAP promoter (30). Fig. 2D reports quantification and summarizes the 119 zebrafish retina results. 120
Carbons from glucose are metabolized in RPE cells more slowly than in 121
retina. Previous studies showed that most of the glucose taken up into a retina is 122 used to make lactic acid (8, [13] [14] [15] [16] [17] . Within the eye of a living animal, glucose 123 from the choroidal blood first must pass through the monolayer of RPE cells 124 before it can reach the retina. We hypothesized that the energy metabolism of 125 RPE cells might be adapted to minimize consumption of glucose in order to 126 maximize the amount of glucose that can pass through the RPE to reach the 127 retina. 128
To examine glucose metabolism in RPE versus in retina, we compared two 129 preparations, mouse retina (mRetina) and cultured human fetal RPE cells 130
(hfRPE). The mouse retinas were freshly dissected from mouse eyes. The hfRPE 131 cells were grown 4-6 weeks in culture to form a monolayer with tight junctions 132 and a trans-epithelial resistance similar to native human RPE (≥200 Ωcm 2 ). This 133 hfRPE preparation has been widely used to study RPE metabolism and to model 134 RPE-related diseases such as age-related macular degeneration due to its 135 similarity to native RPE cells (31-35). We added 13 C labeled glucose to both 136 preparations and then used mass spectrometry (7) to compare incorporation of 137 13 C into glycolytic and TCA cycle intermediates. For these experiments we used 138 1,2 13 C glucose because the pattern of 13 C labeling from this isotopomer can be 139 used to distinguish metabolites generated by glycolysis from metabolites 140 generated by the pentose phosphate pathway (36). Metabolites with one 13 C 141
("m1") are generated from glucose that flows through the oxidative reactions of 142 the pentose phosphate pathway whereas metabolites with two 13 C ("m2") are 143 produced when glucose enters glycolysis directly. In a previous report we used 144 this labeling method to show that < 2% of the metabolic flux from glucose goes 145 through the pentose phosphate pathway in both mRetina and in hfRPE (9). 146 incorporation of 13 C into several key metabolites. The initial rate at which 13 C 151 from glucose incorporates into intracellular lactate in mRetina is at least 8 times 152
faster than in hfRPE. We also noted that the citrate and α-ketoglutarate pools are 153 larger and fill more gradually in hfRPE cells than in retina indicating a large 154 oxidative metabolic capacity of RPE mitochondria. 155
These findings support our hypothesis that a slow rate of conversion of glucose 156
to lactate in the RPE minimizes consumption of glucose so that more glucose 157
can reach the retina. In a previous study we showed that RPE cells further 158 minimize their use of glucose by using an alternative pathway known as 159 reductive carboxylation to make NADPH (9). We propose that limited production 160 of lactate and the use of reductive carboxylation to make NADPH are adaptations 161 of RPE cells that minimize their consumption of glucose so that more glucose 162 reaches the retina. 163
RPE cells can use lactate as a fuel. The retina converts most of the glucose it 164
consumes into lactate so we considered the possibility that RPE cells can use 165
retinal lactate as an alternative fuel source to compensate for their minimal 166 consumption of glucose, or even to further suppress glycolysis. We incubated 167 hfRPE cells either with U-13 C glucose or with U-13 C lactate for 5 or 10 minutes 168 and quantified incorporation of 13 C into glycolytic and TCA cycle metabolites. Fig.  169 4A shows that 13 C is incorporated rapidly into the pyruvate pool from both 170 glucose and lactate. However, in the citrate pools, 13 C from lactate accumulates 171 at least 20 times faster than 13 C from glucose. We also noted that substantial 172
amounts of m3 malate are formed. This shows that carboxylation of pyruvate is a 173 major metabolic pathway in hfRPE cells. by retina. They also show that RPE cells efficiently use lactate for fuel as an 180
alternative to using glucose. Based on these findings we next asked whether 181 lactate can suppress consumption of glucose by RPE cells. We hypothesized 182
( Fig. 5A ) that lactate dehydrogenase (LDH) in RPE cells depletes cytosolic NAD + 183 when it oxidizes lactate to pyruvate. Since NAD + is required for glycolysis, 184 depletion of NAD + by lactate and LDH would suppress glycolysis so that RPE 185 cells consume less glucose. 186
We incubated hfRPE cell monolayers with 5 mM U-13 C glucose either in the 187 absence or presence of 20 mM unlabeled lactate. We then harvested the cells 188
and used GC-MS to determine if lactate suppresses incorporation of 13 C from 189 glucose into glycolytic and TCA cycle intermediates. 190
The results of this experiment ( Fig. 5B) show that unlabeled lactate substantially 191 increases the amounts of unlabeled pyruvate, citrate, isocitrate, fumarate and 192 malate (left panel of Fig. 5B ). This is consistent with the results in Fig. 4 To test this idea, we measured the influence of lactate on transport of glucose 210 across a monolayer of hfRPE cells. We grew hfRPE cells on transwell filters to 211 confluence with a transepithelial resistance ≥200 Ωcm 2 . We then added 13 C 212
glucose to the basolateral side, where the RPE normally would face the choroid 213
in an eye, and used mass spectrometry of the apical medium to quantify 214 transport of 13 C glucose to the apical side, where the RPE normally would face 215 the lactate-rich retina. We performed this experiment either with no added lactate 216 or with 1, 5, or 10 mM unlabeled lactate added to medium on the apical side ( Fig.  217  6A) . Consistent with our hypothesis, lactate added to the apical medium 218 substantially enhances transport of 13 C glucose from the basolateral to the apical 219 side of the hfRPE cells ( Fig. 6B) . Unlabeled lactate also suppresses the release 220 of 13 C lactate on the apical side ( Fig. 6C) glucose until they were confluent and had achieved a trans-epithelial resistance 231 ≥200 Ωcm 2 . We then lowered the concentration of glucose to 0.5 mM and 232 added 10 mM lactate. Remarkably, cell survival was excellent. After 21 days 233 pigmentation of the lactate supplemented hfRPE cells increased substantially 234 compared to control hfRPE cells provided with standard 5 mM glucose sans 235 lactate. (Fig 7A) . Fig. 7B shows that the levels of several key metabolic enzymes 236 decreased, whereas the ratio of IDH3 to other IDH isoforms increased. Exposure 237
to lactate also alters metabolic flux through decarboxylation and carboxylation of 238 pyruvate ( Fig. 7C ) and reductive carboxylation ( Fig. 7D) used in other published studies, including those modeling AMD. 249
However, to confirm that the metabolic differences between retina and hfRPE are 250 similar to the differences between retina and RPE in an eye, we used a mouse 251 eyecup preparation with retinas removed to confirm the basic metabolic features 252
that we identified in this study. We incubated freshly separated retinas and 253 eyecups in medium containing glucose and glutamine and then analyzed 254 metabolites by GC-MS. Fig. 7E compares the ratio of total lactate to total citrate 255 in the retina vs. in the eyecup. Similar to the ratio we found for mouse retina and 256 hfRPE, the lactate/citrate ratio is ~30 times higher in retina than in the eyecup. 257
Based on our findings we speculated that degeneration of photoreceptors in 258 response to mutations or to aging could be influenced by the metabolic 259 relationship between the retina and RPE. anabolic metabolism has been proposed as the purpose of aerobic glycolysis in 290 photoreceptors (10, 18, 19), but our model suggests an additional purpose. We 291
propose that the laminated structure of the eye, in which the RPE separates the 292 retina from its source of nutrients, requires photoreceptors to produce and 293 release lactate to suppress glycolysis so that sufficient glucose can flow through 294 the RPE. 295
The "retinal ecosystem" model helps to explain recent findings from 296 genetic manipulations of photoreceptors and RPE. Engineering 297 photoreceptors to be more glycolytic makes them more robust, whereas 298
engineering RPE cells to be more glycolytic causes photoreceptors to 299 degenerate (3, 21-23). The model shown in Fig. 8 provides an explanation for 300 those seemingly opposing findings. When photoreceptors are engineered to be 301 more glycolytic they produce more lactate that can more substantially suppress 302 glycolysis in the RPE. In this way more glucose reaches the retina, thereby 303 enhancing photoreceptor survival. When the RPE is more glycolytic it consumes 304 more glucose, leaving less glucose available for the retina so photoreceptors 305 starve and become stressed. 306
The concept of a metabolic ecosystem and its relationship to retinal 307 disease. The "retina ecosystem" model in Fig. 8 suggests an explanation for the 308 linkage between Age-Related Macular Degeneration and accumulation of 309 mitochondrial DNA damage in RPE cells (42) . Photoreceptors may starve when 310 RPE mitochondria fail because the RPE becomes more dependent on glycolysis, 311 which prevents glucose from reaching the retina. 312
The concept of a metabolic ecosystem also has implications for other types of 313
retinal disease. Mutations that affect genes expressed only in rods can cause 314 rods to degenerate. However, cones subsequently degenerate as a 315
consequence of the loss of rods, even though the cones are not affected directly 316
by the mutant gene (43). One reason for this is that loss of a cone viability factor 317 that normally is produced by rods may contribute to cone degeneration in this 318 type of disease state (44). The model in Fig. 8 suggests another factor that also 319 can contribute to the secondary loss of cones when rods degenerate. A retina 320 without rods makes less lactate (8). We have shown in this report that, without 321 lactate to suppress glycolysis, RPE cells oxidize more glucose and transport less. 322
In a rod-less retina the loss of lactate production would limit the rate at which 323 glucose can be supplied to cones. This can explain why cones starve (2) as specified, and applied to blocked cryosections overnight at 4°C. Secondary 400
antibodies were diluted at 1:3000 in IHC blocking buffer, and applied to mouse 401 retina sections for 1 h in darkness. Sections were washed in PBS three times, 402
and mounted with SouthernBiotech Fluoromount-G (Fisher Scientific) under 403 glass coverslips and visualized using a Leica SP8 confocal microscope with a 404 63X oil objective. Images were acquired at a 4096x4096 pixel resolution with a 405 12-bit depth using Leica LAS-X software (RRID:SCR 013673). 406 RPE cell culture. Human fetal eyes with a gestational age of 16-20 weeks 407
were harvested and shipped overnight on ice in RPMI media containing 408 antibiotics from Advanced Bioscience Resources Inc. (Alameda, CA).
409
Dissections of fetal tissue were performed within 24 hours of procurement and 410 followed a modified version of the dissection protocol in order to isolate the 411 retinal pigment epithelium (RPE) (35). The fetal RPE sheets were incubated at 412 37°C with 5% CO 2 and cultured in RPE media. The RPE media consisted of 413
Minimum Essential Medium alpha (Life Technologies) supplemented with 5% 414
(vol/vol) fetal bovine serum (Atlanta Biologicals), N1-Supplement (Sigma-Aldrich), 415
Nonessential Amino Acids (Gibco), and a Penicillin-Streptomycin solution (Gibco).
416
Isolated fetal RPE reached confluency about 3-4 weeks after dissection and was 417 then passaged using a 0.25% Trypsin-EDTA solution (Gibco) and passed 418 through a 40 mm nylon cell strainer (BD Falcon) in order to collect a suspension 419 of single cells. After counting, the RPE cells were plated onto 0.3 cm 2 cell culture 420 inserts (Falcon) coated with Matrigel (Corning) at a seeding density of 100,000 421 cells per insert. Cells grown on these inserts were cultured in RPE media 422 containing 1% (vol/vol) FBS. Transepithelial resistance was measured weekly 423 after 2 weeks in culture using a Millicell ERS-2 Epithelial Volt-Ohm Meter 424
(Millipore). 425
Oral Gavage. Mice were fasted overnight in the dark, and gavaged the next 426 morning in ambient light. A micro-syringe fitted with a 22 gauge 1.5" straight 1.25 427 mm ball-tip needle was used to orally administer 100 µl of 50 mM 2-NBDG 428
(Invitrogen) dissolved in water. Successfully gavaged mice were returned to 429 darkness during the 2-NBDG incubation period. 430
Zebrafish were gavaged using methods described previously(52) under red light. 431
Briefly, overnight fasted adult zebrafish were anaesthetized > 1 min with 150 432 mg/mL MS-222 in fish water. Fish were placed in a slit cut in a cellulose sponge 433 soaked with MS-222 solution, and the sponge was rotated to orient the fish 434 mouth up. A micro-syringe fitted with thin, flexible 1 mm OD plastic tubing was 435 used to orally administer 5 µL of either fish water or 30 mM 2-NBDG (Invitrogen).
436
Gavaged fish were immediately placed into a recovery tank of fresh fish water 437
and monitored briefly using a UV flashlight for regurgitation of 2-NBDG. 438
Successfully gavaged fish were returned to darkness during the 2-NBDG 439 incubation period. 440
Tissue slicing and imaging. Gavaged mice were euthanized by asphyxiation 441 with CO 2 . Zebrafish were euthanized in an ice bath followed by cervical 442 dislocation. Euthanized animals were enucleated, and the retinas dissected away 443 under red light into cold Ringer's solution (133 mM NaCl, 2.5 mM KCl, 1.5 mM 444
NaH 2 PO 4 , 2 mM CaCl 2 , 1.5 mM MgCl 2 , 10 mM HEPES, 10 mM D-glucose, 1 mM 445 sodium lactate, 0.5 mM L-glutamine, 0.5 mM reduced glutathione, 0.5 mM 446 sodium pyruvate, 0.3 mM sodium ascorbate, pH 7.4). Isolated retinas were 447 mounted on filter paper (0.45 µm pore, mixed cellulose, Millipore) and flattened 448 with gentle suction. After peeling away remaining RPE, flat-mounted retinas were 449 sliced into 300-400 µm slices using a tissue slicer (Stoelting). Slices were rotated 450 90° and the filter paper edges buried in strips of wax on a coverslip for imaging at 451 room temperature. Fresh retinal slices were imaged at room temperature using a 452
Leica SP8 confocal microscope with a 40X water objective; excitation/emission 453 wavelengths were 488/525-575 nm for 2-NBDG, and 559/580-630 nm for 454
tdTomato. Leica LAS-X (RRID:SCR_013673) software was used to acquire 455 images at 2048 x 2048 pixel resolution with 12 bit depth, and Z-stacks imaged 456 every 0.5 µm over a tissue depth of 10-30 µm. depending on the experiment, [1,2] 13 C glucose, U-13 C glucose, U-13 C lactate or 469
U- 13 C glutamine (Sigma) as described elsewhere (5, 7, 9) . Both retinas and RPE 470 cells were incubated for 5 min, 30 min, 60 min and 120 min. Metabolites from 471 each time point were extracted and analyzed by gas chromatography mass 472 spectrometry (GC-MS, Agilent 7890/5975C) as described in detail (5, 6). 473
Measurement of U-13 C glucose transport across hfRPE cells on transwell 474
filters. After maturation for 4-6 weeks in culture, hfRPE cells grown on transwell 475
filters were changed into 500 ml of DMEM containing 1% FBS on each side. 5.5 476 mM U-13 C glucose (Cambridge Isotope Laboratories) was included in the 477 medium in the basolateral side while various concentrations of sodium lactate 478 was added to the apical side, while maintaining a constant pH. Apical side 479 medium was collected at 8 and 24 h to analyze the transported U-13 C glucose by 480 liquid chromatography coupled with triple quadrupole mass spectrometry (Waters 481
Xevo TQ Tandem mass spectrometer with a Waters ACQUITY system with 482 UPLC) as reported in detail (7). 483
Serial Block Face Scanning SEM 484
Mouse eyes were enucleated, the anterior half was dissected away, and the 485 eyecup was cut in half. Tissue was fixed in 4% glutaraldehyde in 0. Schematic prediction of how U- 13 suppresses the incorporation of 13 C from 5 mM 13 which lack key enzymes that would be required for glycolysis. 636 637
